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At)stIaq

I’hc dcvclopmcnl  of new, more cfficicnt,  materials and dcviccs  is the kcy to expand the range of applications
of thcrmoclcctric  generators. Ncw potcnlial  tcrrcslrial  applications have been rcccntly  dcscribcd  in the literature.
~“hcrc  mists  a wide range of heat source tcmpcraturcs for these applications, from low g.radc waste heat, at 320-
350K, up to 80 to 11 OOK, such as in the heat rccovcry from a processing plant of combustible solid waste. I“hc
automobile industry has also rcccn(ly  dcvclopcd  a strong intcrcsl  in a waslc  exhaust heat rccovcry  power source
opmting  in the 375-775K tcmpcraturc  range to supplement or rcplacc the altcmator  and thus dccrcasc fuel
consumption. Bccausc of the relatively small tcmpcraturc  drop across the generator and of (1IC generator nlass
rcquilcmcnts,  it is estimated that values of 1.5 to 2.0 arc nccdcd  for the dimensionless thcrlnoc]cctric  fi~urc of
merit, Z-l’, in order to develop an economically viable systcn]. Of course, there arc other factors besides 7,’1’ NI)CII
considering the potential usc of thcmoclcc(rics.  For example, most  commercial apjdicalions  also require that the
materials have also to bc cheap enough, or cil~’irollli~c[~tally  friendly to make the thcnnoclcctric  power generation
a viable option. Duc to the need for reductions in the nlass, cost and volume of radioisotope thcrmoclcctric
generators (RTGs) used to power spacccrafts  for deep space missions, a search for ncw advanced materials with
271’ values substantially higher than s[atc-of-the-arl Si0,8Gco,z alloys (Z’l’s,m = 0.65 from S75 to 1275K) was
initiated a fcw years ago at the Jet I%opulsion  1,abo~alory. Rcccnt results on novel materials have demonstrated
that 7,T values significantly larger than 1.0 could bc obtained in the 475 to 975K tcmpcralurc  range. These
materials arc cxccllcnt  candidates to bc used in tcrrcsirial  thcrmoclcctric  power .gcncrators  using waslc hea( or
liquid fuels.

~N’I’ROl)UCTION

Bccausc of their high reliability, lol~g lifcti!nc,  and abscncc  of moving  parts and emissions, solid s[atc
thcrmoclcctric  dcviccs  have been used in a variety of cooling and power generation applications. }Iowcvcr, the
cflicicncy  of these dcviccs  is relatively low, mainly bccausc  of the relatively IOW cncrg,y conversion efficiency of
state-of-the-art thcrmoclcc(ric  materials used in these dcviccs.  The discovery and dcvclopmcnt of advanced
thcrmoclcctric  materials for high performance systems is required to lvidcn the range of applications of
thcrmoclcctric  dcviccs.  ln]provcd  thcrmoclcclric  power generators could bc used for a variety of applications
including waste heat rccovcry  ill vchiclcs, remote pcwcr units in harsh environments, porlablc generators and
space power sources,

For several of these tcrrcslrial  applications, tlic heat source tcmpcraturc  can range from 550-700K  up to 850-
1100K. I’hcrmoclcctric  generators operating on natural gas, propane or diesel have been built with diffcrcnl
thcrmoclcctric  alloys, depending on the maximum hot side tcmpclalurc,  from S25K up to 875K (Naughto]l,  1995).
3“11csc dcviccs  are used in various industrial applications such as for cathodic protection, data acquisition and
tclcco]l]ll~t]l~icatiol~s.  More reccnlly, there has been a glowing intcrcsl  for thcrmoclcclric  power generation
recovering waste heat from various industrial heat-gcncr~li[lg proccsscs  such as the combustion of solid WMC,
geothermal energy, and power plants (Matsuura,  1993; Rowe ct al., 1993; Kajikawa C( al., 1994). ‘1’hc[c is
curlcnt iy an important effort in Japan to develop la] gc scale \vastc  heat rccovrxy tllcrinoclcctric  generators using
slate-of-the-arl materials, But perhaps the auto ntobilc indushy  is the nlarkct with the most  potential, Bccausc  of
the need for cleaner, more cfficicnt cars, car ntanufacturccs  worldwide arc intcrcs{cd  in using the waslc heat
gcncratcd  by the vchiclc cxhaus(  to rcplacc or supplcmcnl  IIIC altcnlator  and thus dccrcasc fuel consumption
(’1’akanosc  and ‘J’amakoshi,  1994; }Iirkho]?.  ct al,, 1988; Morclli,  1996). According to some car manufachwcrs,  Ihc
available tcmpcraturc range would bc from 375 to 650-800K. llccausc  of (1IC smallcl  tcmpcriturc  drop across the



~cimator a[~d of the generator mass rcquircnlcnLs,  ii is cslimatcd  that 7’1’ values of 1.5 to 2.0 will bc nccdcd to
develop an economically avai]ablc  sys[cm,

‘1’hc Jet Propulsion 1.aboratory (J1’I,) s[artcd ill 1991 a twoad search to identify and develop advanced
thcrlnoclcchic  materials for power generation applications. Using several physical and cllcniical  crilcria,  several
families of compounds were idcl)tificd  and rctaillcd  fot ilwcs[igtilions  Among tllcsc materials, skut[cruditc  and
7&Nr3-based materials arc pallicu]arly  promising anti several of these materials arc currently being dcvclopcd
and optimixd (C.aillat  ct al,, 1996a; Flcut-ial et al,, 1996; Caillat  C( al,, 1996b).  7,1’ values equal to or greater Ihall
1 were obtailmd  for these materials over a different rallgc of tc[npcraturcs:  p-type Zn.4Sb3-based matcria]s  (37s-
67SK), p-type Cc-bawd filled skultcruditc  (675 -975 K), and li-type heavily doped CWStr3 (S25-975K).  Recent
results obtained in these families of materials have shmvn that  furlhcr improvements in [heir thcrmoclcctric
performance arc possible.

I’hc thcrmoclcctric  figures of merit, Z1’, for several p-type slalc-of-the-atl thcrmoclcctric  materials as we] 1 as
for 2tn&b3-based and skuttcruditc  materials arc slow in l;ig 1. Iirom room temperature to about 400K, Ili:,3’c3
alloys have the best Z’]’ values. in the 400 to 675K tcmpcralurc range, where state-of-the-art thcrmoclcctric
materials arc not very cftlcicnt,  7m4Sb3  and 7m4Sb.1 alloys have the highest Z’I’ values with a maximum of 1.4 al
67SK and 525K rcspcclivclyl  1 ],
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]~lGUI<l:_l: 7,”1’ values for state-of-the-arl and Jl)l, !I’l(i(J}{}l  ~: ~’1’ values fol s[atc-o[-lllc-ar~  and Jf’1,
imp~ovcd ptypc thcunoclcctric  Il)atcr-ials  as a itnl)lo~’cd n-type tllclmoclcc(l-ic  Illatcrials  as a
function of tcmpcralurc funclion  of tcmpcraturc

J1’1.  has also been working on several materials con mponding to a “filled” version of tllc skuttcruditc
st~ UC(UI c. l’hc bcsl results obtained to date on CcFc4.xCoxSbl 1 salnplcs  arc shown in I;igure 1, Above 725K, the
propcrlics  of PbTc-based alloys start to dctcrioratc  wllcmas  tllc 7,1’ values of tilled skuttcrudite  keep incrcasinj;  up
to 875K with a maximum of about 1.4 al this tcmpcmturc.  Additional improvements in the Z’]’ values for filled
skullcmditcs  arc expected by forming solid solutions and/or introducing different transition nlctal and filling
clcmcnts  in (1IC  structure. Also, .wnc of tllcsc composiliom  nlight bc even more rcfraciory and could be used at
even highci  hot-side tcmpcraturcs  (over 1000K),  which would results in higher overall conversion cfllcicncics.
‘1’hcsc  materials arc currently bcinc dcvclopcd  and opliulixd at J}’l,.

N-iyp! ,niajc~i&!&

‘1’IIc 7,’1’ values for n-type s[atc-of-the-art and ncw tllcl lIioclcctr  ic materials dcvclopcd  at J} ’1. arc SIIOWW  in
Iiigurc 2. in the 300 to 525K temperature range, Ili23’c3.based materials remain the most cfficicnt  materials at low
tcnlpcmturcs,  At higher  tcmpcraturcs,  the properties of heavily doped n-[ypc CoSb3  arc similar to those of Pbl’c



alloys up to 775K,  }Iowcver, tlic propcrtim of I)b’l’c-tmscd  alloys s(art to degrade above this tcmpcrah]rc  w}lctcas
tbc properties of the skuttcructilcs  remain nearly constant. Ilcavily  dopcxt  n-type CoSb3 bot-pressed samples have

also been rcproducib]y  fabricated with comparable optimum thcmoclcclric  properties. Several possibilitim  for
impfoving  the thcrmoclcc(ric  propcr[ics  of sku[lcrudilcs  bavc bccll found (Slack ct al., 1996). lt) particular, four
different approacbcs have been identified and cxpcrimcntally  dcmonswatcxt  to rcducc tlic lattice thcnnal
conductivity of skullcruditcs:  1 ) fill the two empty octanls  in the skut(cruditc  (filled skuttcruditcs)  2.) usc clcc~ron-
pbonon scattering in heavily doped samples 3) forln tcrilary compounds and 4) form solid solutions. })ascd on
cxpcrimcnta]  rcsulls  obtained on lallicc  Ihcrmal  conductivity rcduc~ion  corresponding to different phonon
sca[(cring,  mcchanislns  above and also theoretical calculatiolis,  it was found that, if several of tbcsc mechanisms
can operate simultaneously in one material, high Z,’l” values could bc achicvcd. ‘1’hc  projcctcd optimum values arc
plotted 011 Figure 2 and up to 6W!40  improvement is possible cony~anxt to current CoSb3  optimized samples, ‘Ihc
optimi~ation  of the n-type alloys is cuncntly  being pursued.

Tbc material efficiency (q) of a thcmoclcclric  generator can bc calculated by:

‘l’ h ‘J; J]-, ~’j’. ] S2’I’q, W’llctc
~rl ,  S2;’I’ ,

. .
1,, j-] -, y,’, ., ‘1: p?.

,.
1 II

(1)

where Tll and 3’C arc the tcmpcralurc  values for the hot-side and tbc cold-side, rcspcctivcly,  and ZT is the
colnbincLi  average thcnnoclcclric  figure of merit for tllc n-type and p-[ypc Icgs over the tcn~pcraturc  range ‘I1rl’c,
S is the Sccbcck  cocfticicnt,  o is the electrical conductivity, p is the electrical rcsistivity,  and 7. is the thermal
conductivity of the thcmoclcc[ric  material.

‘1’hc incrcasc  in the thermal-to-clcc(ric materials conversion efficiency as a fullclion of Z1’ for a
thcrlnoclcctric  generator operating bctwccn different tcmpcrmrc  gmdicnts  is ptot(cd in Figure 3. I’bis figure
shows the advantage of using more cfflcicn( thcrmoclcclric  materials and of operating the generator at larger AT
values. A thcrmoclcctric  generator using scgmcntcd  Icgs made of state-of-the-art materials, Ili~’I’c3-based and
Pb’1’c-based alloys, could operate bctwccn 300 and 845K. ‘I”hc schematic of such a scgmcntcd  gcncmtor  is
reproduced in Figure 4. Using an average calculated 7X value of 0.76 (SCC Figures. 1 and 2), wc calculated a
material cfflcicncy’  of 1 ?.S”/o  for a scgmclltcd  tbcrmoclcctric  generator using Bi21’c3-  and PbTc-based
thcrmoclcclric  materials and operating in the 300 -845K tcmpcra[urc  rmgc (SCC Iiigurc  3 and Table 1). Onc of the
obvious limitations of this .gcncrator  is the maximum hot-side tcmpcmturc of 84 SK imposed by using Pbl’c-alloys,
This limits the e~lcicncy,  which is further rcslraincd  by the rclativc]y  poor performance of both p-type F3i21 ‘c3-
and Pbl’c-based materials in the 475 to 62SK tcmpcraturc ~angc. T’o develop more c~lcicnt  scgtnclltcd  legs, the
segmentation needs to bc optimimd to achicvc  higher ZT values over the entire tcmpcraturc  rmgc, Also, the hot-
sidc tcmpcraturc  of the dcvicc must bc incrcascd  by developing ncw materials capable of opcmting at hiphcr
tcmpcraturcs  than Pb’1’c-based materials,

A scgmcntcd thcrmoc]cctric  generator utilizing a combination of s[atc-of-the-art tllcmloclcclric  materials and
ncw thcrmoclcctric  materials dcvclopcd at JP1, could bc made to operate bctwccn 300 and 975K. The p-leg
would bc composed of Bi0,z$b07$l’c3 (300 -425 K), Zn4Sb3 (425 -675 K), and Cc-based filled skuttcruditc  (675-
975 K), and tlic  n-leg of Fli~l’c2.7S~,3 (300 -525K) and hcavilydopcd CoSb3 (S2S-975K), I“bis new scgmclltalion
allows to operate the generator at higher T,, and also achicvc higbcr average ZT’ values ill the 300-975K
Icmpcratulc range (Zt.,, - 0.93). l“hc corresponding incrcasc  in n]atcrials  efficiency was calcu]atcd  and is shown
ill Tab]c 1 and Figure 3 (as “improved n)atcrials  (l)”). Ily usiag these ncw scglncntcd  Icgs, tbc nlatclial  cflicicncy

will  Significantly incrcasc ft’om 12.5°/0 to I fi.9°/0.

‘1’llc  usc of optimized Zn4Sb3-based and CoSb3-based tltcllnoclcctric  materials to dcsiglt and fabrif;atc
scgn)clllcd Ic.gs  would result in a furthcl incrcasc  in tbc cflicicncy of the con csponding  thcmoclcctric  generator.
Usillfi  p-type }li0.2,Sb0  ~s”lc3, p-type Zn&b3-based nlatctials,  and p-type Cc-based tilled skuttcluditc  for the p-legs,



.

aud n-type Bit”l’cz  &(,,3 and n-type CoSt@rascd  nla(crials  for the n-type legs, an average i’,-l’ value  of 1,25 has
bcw prcdictcd  over [hc 30() -97SK temperature rallgc. I’lw scg[ncn(cd  generator schcnlatic  is reproduced in

Fi~urc 5. With these improved legs, the material cfiicicncy  of (1IC con cspoIlding  generator is cxpcclcd  10 incrcasc
by abcmt  60V0 mmparcd  to }li2’1’c3-  and Pb’1 ‘c-based gcncralors,  ~vi[ll a maximum thcrlnoclcclric  matcria]s
wmvcrsion efficiency higher than 19’XO (SCC “1’able 1 anti h’i~urc  3 “improwd  Matcriais  (2)).
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~’A1]l,ljl_:  Materials Convcrsiot) ]ifficicncy  (’alcula[cd  for Various Scgn~cntcd I.cgs

Collfi8uratio11  of scgtllcjltcd  tllcrlnoclcctric  ~cllcta[or Avctacc II 11) 300-&15K” 300-9751<”
~,,, cfficicricy  (0/0) efficiency (%))

(p) Ilijl’c, 3 l’b’]’c / (11) Iliz’l’cj + l)br]’c 0,-/57 12.5

(p) llilrl’c~-l  7,n.4Sbt -1 Ccl;cqSblJ  /(Ii) lli~l’ct -1 (lrSt)l (),924 15,9

Q)) }Iil’l’cj  -1 7m.1Str3&s+ -1 [;cI;c,St)lz  / (Ii) }li~l’c, -1 (krSbl-based 1.24X 19,’2

“1’hc propcltics  of the various thcrmoclcc[ric  materials to bc used in tllc fabrication of the scgmcntcd  Icgs must
bc compatible with each other to prevent failure undct operating conditiol]s In particultir,  the diffcrc]t(
tllcrlnoc]cctric  materials should have similar thermal conductivity and Ihcrmal expansion coctilcicnt  values,
‘1’ab!c  2 lists those values for the materials considered hcI c and shows thal a reasonable good match bct~vccn
lli~l’cq  and the novel Zn.qSb~-based and skuitcruditc  materials will trc achicvcd

‘1’Al]l.li  2: I’hcrmal  lixpansion  Cocfflcicnt  ((x)  and ‘1’kcrmal  Conductivity (?.) at 300K”

Matcl-ial lli~”l’c~-based 1%’1’c-based 7,11 ,Sb ~-based

. . ‘-1

Skut(crudilcs

(1 (10”6 K“’) 13 19-20 15-20 6-1o—
). (WIII’’K”’) 10-15 12-20 6-11 14-?5

‘1’o build such an  advanced tl)cmmclcc(ric  gCIICIatOI  would also requite IIIC  dcvclopn]cll~  of bolldiIl~ matc[ials
to WIIIICCI  the different scglncnts  in IIIC lCCS and [o (IIC mclallic  clcct[odcs whick provide tllc electrical currcn[
patk in the dcvicc.  A low contact  resistance and tcmpcralurc  stabilit?’  arc the major rcquircmcnts  for the bonds.
Specific so!ctcringhaz,ing  alloys arc used to ensure a low electrical resistance contact bctwccn the metal Iic
clcctlodc  and (IIC thcrmoclcctric  materials. ‘1’hc composition of the alloy depends on the type of thcrmoclcctric
material used, on the maximum tcmpcraturc  on the hot side of tllc dcvicc and on the cocmlcicnt  of thermal
expansion mismatch. I’kc rcsuks  of initial bondit!g  aucl tcmpcraturc  stability tcsls  fol- Zn4Sbs  samples braz.cd  to Cu
clcctrodcs  clcmonstrakxt  that low electrical contact rcsistal]cc,  stable, high quality bonds could bc achicvcd
(Caillat  ct al. 1996c). However, more work needs to dollc  to develop suitab]c bonding materials for Ym.,StJ,-based
alloys and skuttcmdi[c  malcrials.

Ncw high efficiency thcrn~oclcclric  n]atcrials  w’ith 7,1’ values substantially larger than 1.0 have. been rccc]i(ly
dcvclopcd.  I’lIc successful dcvclopmcnt  of a scgIIIcmcd  tllcrmoclcctric  generator utilizing a combination of s[atc-
of-the-arl thcrmoclcclric  materials and those novel thcnnoclcctric  materials could result in a high lhcrmal-to-
clcclric malcrials  conversion cfflcicncy over 1 9°/0. ‘lhis is bccausc the ncw ll[crmoclcctric materials have a liip,kcr
avclagc 7.’1’  value and the generator can bc operated in a tcmpclaturc range wider than possible with statc-of-d)c-
ar[ materials. SUCII inq)rovcd power generators could bc used for a varic(y of applications including, was[c heat
rccovcry.  ‘1’his  could also Icad to llIC dcvclopnlcld  of high pcrfonnancc  thcrmoclcctric  generators operating in a
relatively narrow tcmpcmlurc range for specific applications.

&ckn@vlcdgnlcnts
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